The signaling molecule RGS9-2 is a potent modulator of G-protein-coupled receptor function in striatum. Our earlier work revealed a critical role for RGS9-2 in the actions of the -opioid receptor (MOR) agonist morphine. In this study, we demonstrate that RGS9-2 may act as a positive or negative modulator of MOR-mediated behavioral responses in mice depending on the agonist administered. Paralleling these findings we use coimmunoprecipitation assays to show that the signaling complexes formed between RGS9-2 and G␣ subunits in striatum are determined by the MOR agonist, and we identify RGS9-2 containing complexes associated with analgesic tolerance. In striatum, MOR activation promotes the formation of complexes between RGS9-2 and several G␣ subunits, but morphine uniquely promotes an association between RGS9-2 and G␣i3. In contrast, RGS9-2/G␣q complexes assemble after acute application of several MOR agonists but not after morphine application. Repeated morphine administration leads to the formation of distinct complexes, which contain RGS9-2, G␤5, and G␣q. Finally, we use simple pharmacological manipulations to disrupt RGS9-2 complexes formed during repeated MOR activation to delay the development of analgesic tolerance to morphine. Our data provide a better understanding of the brain-region-specific signaling events associated with opiate analgesia and tolerance and point to pharmacological approaches that can be readily tested for improving chronic analgesic responsiveness.
Introduction
The 76 kDa protein RGS9-2 plays a potent modulatory role in striatal function by controlling responsiveness of several G-proteincoupled receptors (GPCRs) (Rahman et al., 1999 CabreraVera et al., 2004; Kovoor et al., 2005; Terzi et al., 2009; Traynor et al., 2009) . RGS9-2 is the brain-specific splice variant of the RGS9 gene and member of the R7 group of the regulator of G-protein signaling (RGS) family, abundantly expressed in all types of striatal neurons (Gold et al., 1997; Rahman et al., 2003; Cabrera-Vera et al., 2004) . In vitro work has proved that RGS9-2 interacts with activated G␣ subunits to promote their GTPase activity (Dohlman and Thorner, 1997; Berman and Gilman, 1998; Terzi et al., 2009) , but the G␣ subunit selectivity for RGS9-2 in the striatum remains unknown. In addition to the conserved RGS region, RGS9-2 contains an N-terminal DEP domain that mediates association with cell membrane adaptor proteins (Martemyanov et al., 2003 (Martemyanov et al., , 2005 Ballon et al., 2006; Jayaraman et al., 2009 ), a GGL (G gamma like) domain that promotes stability by binding to G␤5 protein (He et al., 2000; Chen et al., 2003) , and a C-terminal phosphodiesterase ␥-like domain (Rahman et al., 1999) . All these domains play important roles in RGS9-2 actions by controlling the protein stability, localization, or its interactions with other proteins. Because recent studies reveal that manipulations of RGS9-2 levels in the striatum may potently modulate pharmacological responses Zachariou et al., 2003; Kovoor et al., 2005; Traynor and Neubig, 2005; Gold et al., 2007) , it is essential to understand the mechanism via which RGS9-2 modulates different GPCRs in this brain region. Opiate analgesics, including morphine, fentanyl, and methadone, exert their actions via activation of the G-protein-coupled -opioid receptor (MOR) (Contet et al., 2004) . Morphine is a very efficient analgesic, but clinicians limit its use because of numerous side effects, the development of analgesic tolerance, and its significant abuse potential (Kreek, 2001) . Our previous work demonstrated that RGS9-2 is a negative modulator of the analgesic and rewarding actions of morphine . Using cell culture models, we have shown that RGS9-2 associates with MOR and affects several events that follow MOR activation, including the phosphorylation of extracellular signal-regulated kinase (ERK) and the rate of receptor internalization (Psifogeorgou et al., 2007) . Here, we use behavioral and biochemical assays to investigate the role of RGS9-2 in MOR signaling in striatum. At the behavioral level, RGS9-2 is a negative modulator of morphine actions but acts as a positive modulator of the analgesic actions of fentanyl and methadone. Our biochemical findings suggest that this difference results from the formation of distinct complexes in striatum between RGS9-2, G␣ subunits, and other signal transduction elements, after activation of MOR by different agonists. Our coimmunoprecipitation data reveal that changes in the composition of these complexes after chronic morphine administra-tion correlate with the development of analgesic tolerance. Finally, we developed simple pharmacological manipulations to prevent the formation of stable RGS9-2-containing complexes to delay analgesic tolerance to morphine.
Materials and Methods
Mouse breedings and treatments. RGS9 mutant mice used in this study were generated from breedings of heterozygous RGS9 knock-out (KO) mice (backcrossed for 16 generations onto C57BL/6 background). For all behavioral assays, we used naive 2-monthold male KO mice and their wild-type (WT) littermates. For immunoprecipitation assays, striata were extracted 30 min after saline, fentanyl, methadone, or morphine injections (Charlton et al., 2008) . For immunoblotting analysis, tissue from 2-month-old C57BL/6 mice was extracted 10 and 20 min after saline or drug treatment as described . Animals were housed in a 12 h dark/light cycle room according to the animal care and use committees of Mount Sinai Medical Center and the University of Crete. Chronic treatments for immunoprecipitation assays involved subcutaneous injections of increasing morphine (from 15 to 80 mg/kg) or fentanyl (from 0.04 to 0.32 mg/kg) doses given twice per day for 4 d and the morning of the fifth day. The afternoon of the fifth day, striata were extracted 30 min after morphine (20 mg/kg) or fentanyl (0.125 mg/kg) injection.
Coimmunoprecipitation and Western blot assays. Western blot analysis studies were preformed as described previously (Charlton et al., 2008) . For immunoprecipitation (IP) assays, striatal tissues of mice treated with saline, morphine, or fentanyl for 30 min were rapidly dissected as describer previously (Charlton et al., 2008) . Briefly, samples were centrifuged for 30 min at 13,000 rpm, and cell lysates were subjected to a second centrifugation for 20 more min [lysis buffer: 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 1 mM EDTA, 1ϫ protease inhibitor cocktail (P8430; Sigma), and 0.2 mM sodium orthovanadate (Sigma)]. Lysates were precleared with 20 l of G agarose beads (Roche) by 1-2 h incubation at 4°C. Immunoprecipitation was performed by incubating the supernatants with primary antibody of interest overnight (Charlton et al., 2008) . The following antibodies were used for IP and Western blot assays: rabbit protein A-purified anti-RGS9 antibody (1:10,000) (Psifogeorgou et al., 2007) (supplemental Fig. 1d , available at www.jneurosci. org as supplemental material) and a rabbit anti-G␤5 (C terminus) antibody (1:10,000; W. Simonds, National Institute of Diabetes, Digestive, and Kidney Diseases, Bethesda, MD), rabbit anti-MOR (1:1000; Immunostar) (Arvidsson et al., 1995; Haberstock Debic et al., 2005; Jin et al., 2010) , rabbit anti-G␣i1, rabbit anti-G␣i2, rabbit anti-G␣i3, and rabbit anti-G␣s (1:1000; all provided by S. Mumby, University of Texas Southwestern Medical Center, Dallas, TX) (Mumby and Gilman 1991) , rabbit anti-G␣q (1:1000; Paul Sternweis, University of Texas Southwestern Medical Center), rabbit anti-GRK2 (1:1000; Millipore), rabbit antiphosphorylated phospholipase C␤3 (pPLC␤3) or anti-PLC␤3 (1:400; Cell Signaling Technology), and rabbit anti-␤-arrestin-2 (1:1000; J. Benovic, Thomas Jefferson University, Philadelphia, PA) (Mundell et al., 1999) . For ERK phosphorylation assays, we used a mouse pERK antiserum and a purified rabbit ERK antiserum (1:1000; Sigma).
Analgesia and tolerance studies. Analgesia was measured using the 52°C hotplate test, as described previously . For analgesic tolerance assays, mice were monitored at baseline and 30 min after drug administration for 4 consecutive days. All hotplate data are expressed as percentage maximal possible effect [MPE ϭ (latency Ϫ baseline)/(cutoff Ϫ latency)]. A cutoff time of 40 s has been used in all hotplate experiments.
Results

Ligand-dependent effects of RGS9-2 on behavioral responses
Our previous behavioral studies demonstrated that functional deletion of the RGS9 gene increases sensitivity to morphine reward and analgesia and delays the development of analgesic tolerance , Psifogeorgou et al., 2007 . To assess whether the effects of RGS9-2 deletion generalized to other MOR agonists, we used the 52°C hotplate assay and compared responses of RGS9 wild-type (RGS9 WT) and RGS9 knock-out (RGS9KO) mice to several opioid analgesics. Consistent with previous findings, RGS9KO mice show a greater analgesic response to morphine (15 mg/kg, s.c.) in the hotplate assay (Fig.  1a) . In contrast, mice lacking RGS9 show reduced analgesic responses to methadone (15 mg/kg, s.c.) and fentanyl (0.125 mg/ kg, s.c.) compared with their wild-type littermate controls. At higher doses (0.2 mg/kg), fentanyl produces a significant analgesic response that is still lower than that observed in their wild-type littermates (%MPE for RGS9WT ϭ 80 Ϯ 8 and RGS9KO ϭ 53 Ϯ 13). The effects of RGS9-2 deletion in analgesia are specific to MOR agonists, because no phenotype is observed when the ␣2 adrenergic receptor agonist clonidine is used (Fig. 1a) . Notably, the responses of RGS9KO mice to morphine and fentanyl are not related to differences in the onset or duration of analgesia between genotypes (Fig. 1b,c) .
Agonist-dependent formation of MOR signaling complexes in the striatum
In an effort to mechanistically understand the agonist-selective phenotype of RGS9KO mice, we used co-IP assays to examine the composition of RGS9-2 complexes that are formed in striatum after fentanyl or morphine application. For all immunoprecipitation assays, we selected doses of fentanyl (0.125 mg/kg) and morphine (20 mg/kg) that produce maximal analgesia in C57BL/6 mice in the hotplate assay. The time point of 30 min was selected as the earliest time point after drug application that changes in RGS9-2 interactions were detected. First, we exam- In the hotplate assay, knockout of RGS9 leads to increased response to morphine (10 mg/kg) without affecting the onset or duration of analgesia (b). c shows that the analgesic response to fentanyl (0.125 mg/kg) in RGS9KO mice are lower than that of their wild-type littermates, at different time points after drug administration. Data are expressed as means Ϯ SEM. *p Ͻ 0.05 for genotype versus treatment, two-way ANOVA followed by Bonferroni's post hoc test.
ined the interactions between MOR and G␣ subunits after application of fentanyl or morphine. As shown in Table 1 , activation of MOR promotes the formation of complexes with several G␣ subunits in striatum, but some of these interactions are associated with particular agonists. We recently showed that MOR activation by fentanyl (but not morphine) promotes association of the receptor with G␣q proteins (Han et al., 2010) . Here, we demonstrate that fentanyl application promotes the formation of complexes between MOR and the G␣q effector PLC␤3 (Fig. 2a) . Conversely, MOR/G␣i3 complexes are observed only after morphine administration (Fig. 2b) . The next set of IPs investigated the interactions between MOR and ␤-arrestin-2, an essential protein for receptor desensitization. Consistent with previous findings, activation of MOR by morphine leads to an increased association with ␤-arrestin-2 in striatum (454 Ϯ 88%) relative to saline controls (Fig. 2c) . Fentanyl also promotes the formation of complexes between MOR and ␤-arrestin-2, but this effect is smaller than that of morphine (197 Ϯ 27%). Finally, we show that RGS9-2 is part of these signaling complexes because, 30 min after activation of MOR by fentanyl or morphine, there is an increased interaction between the receptor and RGS9-2 in striatum ( Fig.  2d ) (348 Ϯ 70% increase after fentanyl application and 560 Ϯ 97% increase after morphine, both relative to saline application).
Because our immunoprecipitation assays demonstrate that MOR interactions with both G␣ subunits and ␤-arrestin-2 are agonist dependent and our behavioral assays show that fentanyl and morphine produce opposite phenotypes in RGS9KO mice in the hotplate assay, we next examined the role of RGS9-2 in signal transduction complexes formed after MOR activation by these agonists. Paralleling our co-IP findings with MOR, morphine administration promotes the formation of complexes between RGS9-2 and ␤-arrestin-2, . whereas fentanyl promotes a smaller but still significant increase in this complex compared with control conditions (Fig. 3a) . RGS9-2 appears to follow the same pattern as MOR regarding agonist-dependent interactions with G␣ subunits after fentanyl or morphine exposure. Specifically, although RGS9-2 forms complexes with both G␣i1 and G␣i2 after MOR activation by either fentanyl or morphine, morphine administration also promotes the formation of complexes between RGS9-2 and G␣i3 in striatum (Fig. 3b) , whereas fentanyl administration promotes the association of RGS9-2 with G␣q and with its downstream effector molecule PLC␤ 3 (Fig. 3c,d ). Fentanyl treatment also promotes the association of RGS9-2 with GRK2 in the striatum (274 Ϯ 14% compared with saline-treated control). Another striking difference we observed between fentanyl and morphine is that, although both drugs promote the association of RGS9-2 to MOR, only morphine promotes the formation of RGS9-2/G␤5 complexes (Fig. 3e ). This is a key finding because G␤5 protein is a required binding partner for RGS9-2 stability and, in the absence of G␤5, RGS9-2 has a very short half-life Witherow et al., 2003) . Consistent with our behavioral findings, methadone application promotes the formation of signal transduction complexes similar to those observed with fentanyl (supplemental Fig. 1 , available at www.jneurosci. org as supplemental material).
Regulation of ERK and PLC␤3 phosphorylation by RGS9-2
Because our coimmunoprecipitation results demonstrate that RGS9-2 may form complexes containing G␣q or G␣i subunits in striatum, we hypothesized that deletion of the RGS9 gene will affect the activity of their respective effector molecules. In particular, we examined the role of RGS9-2 in MOR-induced phosphorylation of ERK and PLC␤3. Previous studies in cell culture models showed that RGS9-2 overexpression prevents induction of pERK levels by MOR agonists (Psifogeorgou et al., 2007) . In the brain, morphine may increase or decrease ERK phosphorylation, depending on the neural circuit and drug dose (Eitan et al., 2003; Muller and Unterwald, 2004) . Figure 4a shows that, in the nucleus accumbens (NAc), systemic administration of a low morphine dose leads to a decrease in pERK levels. This reduction is more pronounced in RGS9KO mice. Fentanyl administration also reduces ERK phosphorylation in the NAc. However, and in contrast to morphine, fentanyl-induced reduction of pERK is not observed in brains of RGS9KO mice (Fig. 4b) . In addition to ERK, opioids modulate the activity of PLC␤ proteins, which are known downstream effectors of G␣q and PKC signaling (Chakrabarti et al., 2003) . We hypothesized that given the promotion of the association of both MOR and RGS9-2 with G␣q by fentanyl, RGS9-2 deletion effectively removes a competitor of G␣q/PLC␤3 interactions. Thus, RGS9 deletion should increase G␣q signaling by enhancing the binding and activation of G␣q to its effector molecule PLC␤3. To test our hypothesis, we measured pPLC␤3 levels in the NAc 10 min after fentanyl injection. Figure 4c shows that deletion of the RGS9 gene results in increased PLC␤3 phosphorylation in the NAc after fentanyl application. These same doses show no effect on PLC␤3 phosphorylation in samples harvested from wild-type NAc. This finding correlates with the behavioral data, which show that RGS9 deletion leads to reduced analgesic responses to fentanyl and indicate that RGS9-2 antagonizes the actions of the G␣q effector PLC␤3 in striatum. Notably, knockout of RGS9 did not affect morphine-induced PLC␤3 phosphorylation in the NAc. In Figure 3 . RGS9-2 forms distinct signaling complexes in striatum after morphine and fentanyl administration. a, Mice were treated with saline (sal), morphine (mor; 20 mg/kg), or fentanyl (fent; 0.125 mg/kg) for 30 min, as in the previous figure. Striatal extracts were immunoprecipitated (IP) with an anti-RGS9-2 antibody, and the immunoprecipitate was immunoblotted (WB) for ␤-arrestin-2 (␤-arr-2). Activation of MOR leads to an increase in RGS9-2/␤-arrestin-2 complex in striatum, an effect that is more prominent during morphine administration (*p Ͻ 0.05 between fentanyl and saline or morphine and # p Ͻ 0.001 between morphine and saline). b, Activation of MOR by morphine (but not fentanyl) increases the association between RGS9-2 and G␣i3. c, d, Conversely, fentanyl application promotes the formation of signaling complexes between RGS9-2 and G␣q (c) and between RGS9-2 and PLC␤3 (d). Finally, morphine but not fentanyl application drives the formation of complexes between RGS9-2 and G␤5 (e). For all experiments, n ϭ 3-6 per treatment group. KO, Striata from morphine treated RGS9KO mice; Ctr (control), striata from morphine-treated mice immunoprecipitated with an anti-flag antiserum. WB for protein levels in total lysates are shown below each IP blot. Data are expressed as means Ϯ SEM. *p Ͻ 0.01 between treatments, one-way ANOVA followed by Dunnett's post hoc test. f shows a schematic representation of RGS9-2 complexes formed in striatum after activation of MOR by morphine or fentanyl. Figure 4 . Modulation of ERK and PLC␤3 phosphorylation by RGS9-2. RGS9 knockout affects the pattern of ERK phosphorylation by opioids in the NAc. a, Immunoblot analysis of pERK levels in NAc of RGS9WT and RGS9KO mice 20 min after saline (s) or morphine (m) (10 mg/kg) administration (n ϭ 3 per group). Morphine decreases pERK levels in the NAc of wild-type animals, and this effect is more pronounced when the RGS9 gene is deleted. Immunoblot analysis of pERK levels in NAc of RGS9KO mice and their wild-type controls 10 min after an injection of saline or fentanyl (f) (0.125 mg/kg, s.c.) (b; n ϭ 4 -5 per group). As indicated by the graphs, fentanyl decreases pERK levels in the NAc of RGS9WT mice, but this effect is abolished in RGS9KOs. c demonstrates changes in pPLC␤3 levels in the NAc, 10 min after fentanyl injections, in RGS9WT and RGS9KO mice. Knockout of the RGS9 gene leads to increased pPLC␤3 levels after fentanyl application. Data are expressed as means Ϯ SEM. n ϭ 4 per group; *p Ͻ 0.05 and **p Ͻ 0.01 for genotype versus treatment, two-way ANOVA followed by Bonferroni's post hoc test.
all our pPLC␤3 studies, RGS9 deletion did not cause changes in total PLC␤3 abundance (data not shown).
Chronic morphine-induced changes in RGS9-2 signaling complexes correlates with tolerance
Because the key clinical challenge is the development of tolerance after chronic morphine treatment, our next goal was to identify possible differences in the composition of RGS9-2-containing complexes between acute and chronic MOR activation. Because morphine produces analgesic tolerance more quickly than fentanyl, we examined the composition of RGS9-2 complexes in striatum of mice repeatedly treated with fentanyl or morphine. Our preliminary studies indicated that pretreatment with a low fentanyl dose may prevent analgesic tolerance to morphine. For that reason, we included an additional group of animals that received a low fentanyl dose 30 min before each morphine injection. In particular, chronic morphine studies contained four groups of animals: mice chronically treated with (1) saline, (2) fentanyl, (3) morphine, and (4) a low fentanyl dose (0.04 mg/kg, s.c.), 30 min before each morphine injection. On day 5, striata were harvested 30 min after administration of saline, fentanyl (0.125 mg/kg), or morphine (20 mg/kg). As shown in Figure 5a -c, after repeated morphine exposure, activation of MOR promotes associations of RGS9-2 with MOR ( Fig. 5a ) (363.6 Ϯ 92%), G␣q (Fig. 5b) (216 Ϯ 39%), and G␤5 (Fig. 5c ) (171 Ϯ 21%) compared with striata from vehicle-treated mice. Such interactions are not observed after chronic fentanyl treatment. The same blots show that pretreatment with a low fentanyl dose (fent/mor group) prevents the association between RGS9-2 and MOR or between RGS9-2 and G␤5 (Fig. 5c ). Increased coimmunoprecipitation of RGS9-2 with ␤-arrestin-2 is observed in the chronic fentanyl or fent/mor groups but not after chronic morphine administration (Fig. 5d) . Notably, although chronic morphine promotes the interactions between RGS9-2 and G␣q, it does not promote the formation of RGS9-2/PLC␤3 complexes. Chronic morphine induces the same changes in the composition of MOR-containing complexes as it does to RGS9-2-containing complexes. Consistent with the RGS9-2 co-IP findings, ␤-arrestin-2/MOR complexes are not observed in chronic morphine-treated animals, but they are observed in the fentanyl and fent/mor group. Chronic morphine promotes the formation of complexes between MOR and G␤5, as well as between MOR and G␣q (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Similar to the co-IP assays using RGS9 antibody, pretreatment with a low fentanyl dose prevents the formation of MOR coimmunoprecipitation with either G␤5 or G␣q (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Knockout of the RGS9 gene does not affect the composition of MOR/G␣ subunit complexes (supplemental Fig. 3a,d , available at www.jneurosci. org as supplemental material). Thus, acute and chronic morphine promote the same MOR/G␣ subunit complexes observed in wild-type animals, but in mutant mice these complexes are no more regulated by RGS9-2. MOR and ␤-arrestin-2 complexes observed after acute morphine and fentanyl administration are also observed in RGS9KO mice (supplemental Fig. 3b , available at www.jneurosci.org as supplemental material). As expected, although in wild-type mice chronic morphine promotes the formation of complexes between MOR and the RGS9 binding partner G␤5, these complexes are no longer observed in RGS9KO mice (supplemental Fig. 3c , available at www.jneurosci.org as supplemental material).
Manipulation of RGS9-2 complexes prevents morphine tolerance
Finally, to test whether the chronic agonist-induced signaling complexes may subserve changes in the behavioral responses to MOR agonists, we examined whether treatments that prevent the Figure 5 . Signaling complexes containing RGS9-2 in striata of mice chronically treated with fentanyl or morphine. a, Mice received chronic injections of saline, fentanyl, morphine, or a chronic morphine treatment in which low fentanyl dose was administered 30 min before each morphine injection (fent/mor). Striatal extracts were immunoprecipitated (IP) with an anti-RGS9-2 antibody, and the immunoprecipitate was immunoblotted (WB) for MOR. WB for protein levels in total lysates are shown below each IP blot. Morphine promotes signaling complexes between RGS9-2 and MOR. *p Ͻ 0.01 for morphine versus saline and fentanyl, one-way ANOVA followed by Dunnett's post hoc test. Striatal tissue from mice treated as in a were also immunoprecipitated with anti-RGS9-2 antibody, and the immunoprecipitate was blotted for G␣q, G␤5, and ␤-arrestin-2. As shown in b, chronic morphine promotes the association between RGS9-2 and G␣q, an effect that is not significantly affected by fentanyl pretreatment. *p Ͻ 0.01 for morphine or fent/mor versus saline and fentanyl, one-way ANOVA followed by Dunnett's post hoc test. As shown in c, chronic morphine promotes the formation of signaling complexes between RGS9-2 and G␤5, an effect that is prevented by fentanyl pretreatment. d shows that complexes between RGS9-2 and ␤-arrestin-2 are only formed after chronic fentanyl of fent/mor treatments. Data are expressed as means Ϯ SEM. n ϭ 4 -6 per group; *p Ͻ 0.01 between treatments, one-way ANOVA followed by Dunnett's post hoc test. e shows a schematic representation of RGS9-2 complexes formed in striatum after chronic morphine application or chronic morphine application when morphine administration is preceded by an injection a low fentanyl dose.
formation of stable RGS9-2 complexes with G␣q and G␤5 can prevent morphine tolerance. For that purpose, we used the hotplate analgesia assay and examined whether administration of a low fentanyl dose 30 min before morphine injection prevents the development of morphine tolerance. In particular, C57BL/6 mice were administered a low fentanyl dose (0.04 mg/kg, s.c.) or saline 30 min before each morphine injection, and analgesic responses were assessed for 4 consecutive days. Fentanyl pretreated mice show no tolerance development compared with the control group (Fig. 6 ). As expected, fentanyl pretreatment has no additional effect on the analgesic responses of RGS9KO mice (data not shown).
Discussion
Our study provides evidence for a novel modulatory role of RGS9-2 on MOR signaling after acute and chronic activation. Our findings reveal brain region-and agonist-specific signal transduction events associated with MOR activation and point to RGS9-2 as a major determinant of the acute and chronic actions of opioids. This is the first evidence that a striatal protein may act as a positive or negative modulator of opiate analgesia, depending on the agonist administered. Our studies suggest that MOR couples to several G␣ subunits in striatum, including G␣q. Furthermore, RGS9-2 differentially modulates G␣i or G␣q signaling in a ligand-dependent manner. Finally, we demonstrate that some of the behavioral consequences of chronic morphine administration are associated with changes in the composition of RGS9-2-containing complexes. Specifically, the formation of stable MOR/ RGS9-2/G␣q/G␤5 complexes after chronic morphine administration have detrimental effects on MOR signaling and desensitization. Based on the information we gained from coimmunoprecipitation assays on the composition of RGS9-2 complexes after acute fentanyl or morphine application, we developed simple pharmacological manipulations to prevent RGS9-2 interactions associated with analgesic tolerance to morphine. We show that, when administration of a low fentanyl dose precedes morphine administration, chronic morphine treatment does not produce analgesic tolerance. Notably, fentanyl pretreatment affects the development of morphine tolerance but not the acute analgesic actions of morphine, which do not involve G␣q subunits (for 15 mg/kg morphine, %MPEs are as follows: fentanyl pretreated ϭ 39.8 Ϯ 13; saline pretreated ϭ 42.2 Ϯ 12).
Several groups have demonstrated that an RGS protein potentially associates with more than one type of G␣ subunits. For example, RGS4 associates with G␣i or G␣q subunits (Huang et al., 1997; Posner et al., 1999; Tesmer et al., 2005) . We show that, in striatum, after MOR activation, RGS9-2 may associate with several G␣i subunits and with G␣q. These findings are important, because they provide information on the mechanism of RGS9-2 actions in a particular brain region and also because they contribute to our understanding of the molecular mechanisms underlying opiate actions. Another RGS member, RGS4, does not play a role in morphine analgesia or tolerance but has a small effect as a positive modulator of fentanyl actions by dissociating from MOR after fentanyl application (Han et al., 2010) .
In vitro studies have shown that MOR signals via different G␣ subunits, but there is little information on MOR/G␣ subunit interactions in specific neural networks (Piros et al., 1996; Tesmer et al., 2005) . Our coimmunoprecipitation assays demonstrate that, in striatum, activation of MOR by different ligands promotes the formation of RGS9-2 complexes that vary in the G␣ subunit composition and that may or may not contain G␤5. Although RGS9-2 forms complexes with several G␣ subunits after MOR activation, some of these complexes are only formed after activation of the receptor by particular ligands. Specifically, complexes between RGS9-2 and G␣i3 are only observed after morphine administration. Fentanyl and methadone promote the formation of complexes containing RGS9-2 and G␣q but not G␤5. These are likely to be less stable complexes because they do not contain G␤5, an important determinant of RGS9-2 stability (Sondek and Siderovski, 2001) . Fentanyl activation also leads to formation of complexes between RGS9-2 and PLC␤3. Increasing evidence implicates the PLC␤ pathway in morphine analgesia and dependence. Behavioral analysis of PLC␤3 knock-out mice indicates that this protein acts as a negative modulator of opiate actions (Xie et al., 1999) , whereas studies in guinea pig myenteric plexus tissue show adaptations in the phosphorylation of PLC␤1 and PLC␤3 isoforms to chronic morphine (Chakrabarti et al., 2003) . It is thus possible that RGS9-2 acts as an effector antagonist for G␣q because loss of the RGS9 gene leads to increased PLC␤3 phosphorylation after fentanyl administration. This hypothesis is in accordance with previous studies that have demonstrated that RGS proteins may act as effector antagonists for G␣ subunits. The observed increase in PLC␤3 activity correlates with reduced analgesic response to fentanyl in the hotplate test.
Numerous reports document differences in the analgesic potency, duration of action, abuse potential, and rate of tolerance development between MOR agonists used as analgesics (Shen et al., 2000; Koch et al., 2005; Narita et al., 2006) . Although morphine is a potent analgesic for several types of chronic pain, a major limit for its long-term use has to do with the development of analgesic tolerance, an effect that is observed much earlier than other opiate analgesics (Bohn et al., 1999; Inturrisi, 2002) . This early tolerance development is thought to be a result of adaptive changes in MOR signaling and desensitization. Most of the information on MOR signal transduction derives from in vitro studies. Clearly, analgesia and tolerance involve complex mechanisms and several brain networks. The striatum is not typically thought to be involved in pain perception or analgesia, and most studies focus on other CNS regions, such as the dorsal horn of the spinal cord, the periaqueductal gray, and the thalamus. Recent evidence supports a role of the NAc in chronic pain responses (Baliki et al., 2010) . Our previous work (Zachariou et al., 2006; Han et al., 2010) demonstrated that molecular adaptations in the NAc affect morphine analgesia and tolerance. We focused on RGS9-2 complexes in the striatum because of our interest on tolerance mechanisms in brain regions mediating addiction. We hypothesized that striatal proteins that dynamically modulate morphine reward and dependence also modulate opiate analgesic responsiveness and the development of tolerance. Our next aim is to investigate RGS9-2 interactions in more complex behaviors, such as locomotor sensitization to MOR agonists.
Genetic mouse models have provided an important tool for the identification of key molecules implicated in opiate analgesia and tolerance (Bohn et al., 1999; Nestler, 2001; Chakrabarti et al., 2003; Charlton et al., 2008) . Because the function of several signal transduction proteins is highly determined by the complexes they form, it is essential to understand the adaptive changes in the composition of such complexes in different brain regions. Our studies suggest that, after chronic morphine treatment, the strong association between RGS9-2, G␣q, G␤5, and MOR in striatal neurons prevents the actions of several molecules involved in signal transduction and receptor desensitization and contributes to the development of analgesic tolerance. These complexes containing G␤5 would be expected to be particularly stable and thereby have a more prominent effect on receptor responsiveness (Sondek and Siderovski, 2001; Cheever et al., 2008) . Although RGS9-2 is expressed in much lower levels outside the striatum, it is possible that the complexes we describe in this study modulate opiate analgesia in other brain regions as well.
Because several in vitro studies report that opioid receptors form heterodimers (Rozenfeld and Devi, 2007) , the possibility that adaptive responses in signal transduction events after MOR activation involve receptor dimerization should also be considered. It is possible that the different RGS9-2/G␣ subunit complexes formed after morphine or fentanyl administration or the changes in signaling complexes formed after chronic morphine result from the formation of MOR heterodimers with ␦-opioid receptors (DORs) or other GPCRs. A number of recent studies implicate MOR/DOR heterodimers in opiate actions (Xie et al., 2009; Gupta et al., 2010) . Although preliminary studies with the RGS9KO line show no involvement of RGS9-2 in behavioral responses to DOR agonists, we cannot exclude the possibility that RGS9-2 modulates MOR/DOR dimers in the striatum. Future studies will explore this possibility. The differential association between RGS9-2 and G␣ subunits may also be explained by the existence of more than one -opioid receptor subtypes. There is pharmacological evidence for multiple MOR splice variants that function via distinct signaling mechanisms (Pan et al., 2005) , but their expression and function in striatum has not been investigated. Future studies aim to explore the exact cell types mediating the diverse effects of opioids in striatum and to further understand the receptor and protein-protein interactions involved in acute and chronic opiate actions in this brain region.
Our biochemical and behavioral data suggest that administration of a low fentanyl dose 30 min before morphine treatment prevents the formation of RGS9-2/G␣q/G␤5 complexes and delays the development of analgesic tolerance. Several reports in the past suggested that coadministration of morphine with other opioids prevents cellular events associated with tolerance. Because delayed MOR internalization/recycling leads to the development of morphine tolerance, administration of DOR agonists along with morphine in rodents prevents tolerance by promoting ␤-arrestin-2 function and MOR internalization (Whistler and von Zastrow, 1998) . In accord with these studies, our results suggest that MOR responsiveness is highly affected by the RGS9-2/G␣ subunit interactions, and interventions in these interactions may improve the function of several signal transduction molecules, including ␤-arrestin-2. Recent studies indicate that targeting RGS9-2 complexes may provide a novel approach toward the improvement of drug responses or prevention of undesired drug actions. Recent studies in primates demonstrated that overexpressing RGS9-2 in striatum may prevent some of the undesired effects of levodopa, such as dyskinesia, by limiting dopamine D 2 receptor signaling . In the same line, the present findings demonstrate that interventions in the formation of RGS9-2 complexes comprise an efficient strategy to prevent a side effect of morphine (analgesic tolerance) without affecting the therapeutic effect (analgesia).
In summary, we investigated differences in the composition of RGS9-2-containing complexes formed during acute or chronic MOR activation by various ligands and demonstrated that RGS9-2 may act as a positive or negative regulator of opiate analgesic actions. Using information from our coimmunoprecipitation assays, we developed simple pharmacological treatments to prevent the formation of stable RGS9-2 complexes that inhibit MOR signaling. Thus, our study proposes drug administration strategies that target RGS9-2 and can be immediately applied to delay the development of morphine tolerance.
